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Abstract In natural plant communities, reproduc-
tive allocation can be affected by complex
interactions among abiotic resources, species compe-
tition and plant size. This topic was addressed using a
variety of designed mixed stands of five species
(Carex elata, Carex flava, Lycopus europaeus,
Lysimachia vulgaris and Mentha aquatica) under four
abiotic conditions to investigate how competition and
abiotic resources influence the reproductive allocation
of one of the five species, C. flava. The plant mixtures
varied systematically in both the relative abundance
of the five species and the absolute density, and were
each established with two levels of water and
nutrients. In total, 176 mixtures were maintained for
two growing seasons in large pots in an experimental
garden. Reproductive allocation of C. flava increased
from 6.8% to 9.7% under high nutrient application;
however, for both nutrient levels, reproductive allo-
cation was independent of shoot mass (size-
independent allocation). Under low competition,
reproductive allocation of C. flava decreased as its
shoot mass increased, indicating a relatively high
investment in vegetative structures under higher light
availability. However, under strong competition, the
allocation pattern changed and a constant reproduc-
tive allocation for different plant sizes was observed.
Different water levels did not influence the shoot
mass, seed mass or reproductive allocation of C. flava,
indicating that the species was not stressed under
dryer conditions. When under competitive pressure,
however, the species responded with reduced shoot
and seed production under more favourable water
conditions. This behaviour indicates a trade-off
between the ability to tolerate stress and the compet-
itive and reproductive response of C. flava. In
conclusion, C. flava was adversely affected by
competition with some of the species, and competi-
tion, mediated by plant size, indirectly affected
reproductive allocation. C. flava was able to modify
its allocation pattern depending on the available
resources and retained its reproductive allocation
even under unfavourable conditions for varying plant
sizes, which is interpreted as an advantageous reaction
to greater competition pressure.
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Introduction
Plants allocate restricted proportions of resources
to either vegetative or reproductive structures.
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According to environmental conditions, the species’
allocation patterns may be adapted in ways that affect
their fitness; therefore, resource allocation is expected
to have important implications for plant life history
and evolution (Reekie and Bazzaz 2005). Studying a
plant species’ reproductive allocation should thus
highlight its survival strategy (Harper and Ogden
1970).
The mass of a plant’s reproduction structures in
relation to the total aboveground biomass has been
defined as reproductive allocation (RA) (Karlsson
and Me´ndez 2005). Within a species, the most
important factor affecting RA is plant size (Weiner
1988; Sugiyama and Bazzaz 1998; Me´ndez and
Karlsson 2004). In an analysis of 41 species, many
perennials exhibited a decreasing RA with increasing
plant biomass, whereas in the case of annuals, either
the reverse was true or RA remained constant (Hara
et al. 1988). Studies focussing on single species’ RA
have confirmed these patterns (Reekie 1998; Susko
and Lovett 2000; Sletvold 2002).
Linking RA and plant size can be most effectively
achieved by analysing a species’ seed mass and shoot
mass, which are often positively correlated and
increase linearly on a log–log scale (Klinkhamer
et al. 1994; Sadras et al. 1997; Sletvold 2002). This
correlation becomes Seed mass = a shoot massb
when expressed on a linear scale (Hendriks and
Mulder 2008). Different allocation patterns, such as
size-dependent or size-independent allocation, can be
distinguished according to the relative change of seed
mass and shoot mass (Weiner 1988; Sugiyama and
Bazzaz 1998).
Intraspecific responses of RA to environmental
stress have been thoroughly reviewed (Chiariello and
Gulmon 1991; Reekie and Bazzaz 2005). Chiariello
and Gulmon (1991) noted that many perennial species
reduce RA in response to resource limitation (water,
nutrients and light), but annual species often increase
RA in response to shortage of water, decrease RA in
response to light limitation and exhibit no response to
nutrients. As shown by Karlsson and Me´ndez (2005),
these trends are not consistent and vary greatly in
response to environmental factors.
So far, the relationship between RA and resources
has only been investigated with single species or in
pairwise species comparisons (Sugiyama and Bazzaz
1998; Whitfield et al. 1998; Cheplick 2001; Arenas
et al. 2002). Conclusions drawn from such
experiments are not easily applied to plant commu-
nities, as species interactions in mixtures can be more
complex than pairwise. The presence of a strong
competitor could reduce the performance of a target
species; however, the presence of additional species
could considerably mitigate negative competition
(Suter et al. 2007).
Interactions among several species can be inves-
tigated using experiments with numerous species and
varying abiotic conditions. A specific design for the
set-up and analysis of multi-component mixtures is
the simplex design (Cornell 2002). The simplex
design, originally developed for industrial trials,
allows quantification of the effects of many species
in a mixture on a target variable, including interactions
between competition and resources (Ramseier et al.
2005). This design has recently been used to inves-
tigate the role of multiple species interactions in plant
community development. In an experimental set-up,
mixtures of five perennial species were established
under two intensities of competition and four envi-
ronmental conditions by combining two levels of
water availability with two levels of nutrient supply
(Suter et al. 2007). In the present article, the influence
of the various treatments on RA and on shoot
and seed production of one of the five species,
Carex flava L., is analysed in detail.
Investigation of RA in C. flava under these semi-
complex conditions should allow more accurate
conclusions to be drawn on the species’ reproductive
behaviour in natural communities. C. flava is mainly
observed in calcareous fens of low nutrient status
(Caricion davallianae, Ellenberg 1996). In such
habitats, nutrient enrichment can drastically influence
community composition (Pauli et al. 2002). Because
increased nutrient availability also changes the
relative allocation to shoots and seeds (Karlsson
and Me´ndez 2005), it is possible that C. flava adapts
its RA when environmental conditions change. If, for
example, C. flava is able to resist competition
pressure from more productive species that profit
from nutrient enrichment, its shoot and seed mass
should only be marginally affected by increased
density of neighbouring species, and RA should
remain constant. In comparison, when strongly
suffering from competition, shoot and seed mass
should be reduced, but the relative allocation could be
adapted so that RA is maintained or even increased
(Chiariello and Gulmon 1991). In the latter case, C.
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flava would act similarly to annual species that
produce a high seed output under unfavourable
conditions (Grime 2001; Karlsson and Me´ndez
2005). Specifically, this study examined (1) whether
competition of different species and varying abiotic
conditions interact in their effect on RA and shoot
and seed mass production of C. flava, (2) whether
species competition affects RA and shoot and seed
mass of C. flava in the same way as varying nutrient
levels and (3) whether a change in RA is an
advantageous reaction for C. flava to maintain its
occurrence under modified abiotic conditions.
Materials and methods
The experimental design is described in detail by
Suter et al. (2007). An outline of the most important
aspects relating to this study is presented here.
Plant material and experimental design
Plant mixtures consisted of five perennial species
common to Swiss fens: Carex elata All., Carex flava
L., Lycopus europaeus L. s.str., Lysimachia vulgaris
L. and Mentha aquatica L. (Nomenclature following
Aeschimann and Heitz 2005). Twenty-two different
mixtures were established in accordance with the
simplex design (Cornell 2002); all five species were
present in each mixture. Mixtures were either equal
stands (20% of each species), dominant stands (60%
of one species, 10% of four others) or codominant
stands (35% of each of two species, 10% of three
others). Equal and dominant stands were planted in
two overall densities of 20 (low density) and 50 (high
density) seedlings per pot, whereas codominant
stands were planted in an overall density of 20
seedlings per pot. Each mixture was established at
two water and two nutrient levels and replicated
twice.
The seedlings were planted on 7 and 8 May 2001
in pots of 75 l (50 cm diameter, 45 cm tall),
containing quartz sand of 1 to 1.7 mm grain size.
Within each pot, the interseedling distance was 6 cm
for high density and 10 cm for low density mixtures.
In total, 176 pots were randomly distributed at an
experimental site of the Swiss Federal Institute of
Technology, Zurich.
In the high water treatment, water level was
maintained at sand surface (42 cm height in the pot),
while in the low water treatment, the level was at
half-pot height (21 cm), resulting in a dry zone
above. Water levels were adjusted every other day
with tap water during the growing season.
The pots with high nutrient levels received three
times the amount of nutrients as those with low
nutrient levels. Nutrients for the high level consisted
of 6 g m-2 nitrogen in the 1st year and 9 g m-2
nitrogen in the second. The nitrogen/phosphorous
(N/P) ratio was set to 4, and N and P were applied
with a complete fertiliser that also included micro-
nutrients (Wuxal, Maag, Switzerland).
Maintenance and measurements
Initial shoot biomass was estimated by drying and
weighing 20 seedlings of each species, randomly
selected from those remaining after planting. In the
second growing season, when C. flava reached
reproductive maturity, infructescences were carefully
removed (18 and 19 June 2002), leaving the remain-
ing plant biomass until the final harvest of all the
species 2 months later. The seeds left within the
utricles were cleaned from the bracts, and empty
utricles were removed from the samples. Seed mass
per pot was determined after drying the samples
(75C) to constant weight. All plants were harvested
from 19 to 29 August 2002 by cutting aboveground
living shoot mass. Again, biomass samples were
dried (75C) to constant weight, and dry mass per
species and pot was determined.
The diaspore mass of C. flava was used for the
analysis because it was not practical to separate the
seed from the surrounding utricle. Nevertheless, the
term ‘‘seed mass’’ rather than ‘‘diaspore mass’’ is
used for convenience. Since the seed accounts for a
large proportion of the diaspore mass, the inclusion of
the utricle is unlikely to affect the conclusions drawn
from the data.
Data analysis
The definition of mixtures with five species (i = 1,
…, 5) follows Suter et al. (2007). For C. flava (cf),
three response variables were calculated:
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Shoot mass ¼ ðFinal shoot massÞcfper pot
dcf
;
Seed mass ¼ ðTotal seed massÞcfper pot
dcf
;
Reproductive allocation ¼ Seed mass
Shoot þ seed mass ;
with dcf being the number of planted C. flava
individuals per pot. It follows that these variables
refer to a mean value per pot and not to individuals
within a pot. The effects of the initial biomass of the
five species and of water and nutrients on these
response variables were first assessed with
Response ¼ a þ
X5
i¼1
biyi þ c water
þ d nutrient þ e ð1Þ
where yi is the initial biomass of species i in a mixture
at the start of the experiment. The effects of
increasing species biomass (competition) are given
by the b coefficients; c and d coefficients indicate the
shift from the low to the high water and nutrient
levels, respectively, and e represents the error term. In
order to meet the assumptions of linear regression
(normal distribution and homogeneity of residual
variance), the response variables shoot mass and seed
mass were log10 transformed, and RA was arcsine-
square root transformed. Quadratic effects of species
biomass (yi * yi) and any two-way interactions
between main effects (yi * water, yi * nutrient and
water * nutrient) were also tested (for further details
on the analysis, see electronic appendix).
In order to evaluate the confounding effects of
plant size on RA, the relationship between seed mass
and shoot mass of C. flava was analysed in more
detail with
log10 ðseed massÞ ¼ log10 ðaÞ
þ b log10 ðshoot massÞ
þ c water þ d nutrient
þ k density þ e ð2Þ
where c and d estimates are as stated above. Density
was included as a factor with two levels and served as a
surrogate variable to assess the role of competition on
seed mass and RA (Karlsson and Me´ndez 2005). Thus,
the k-coefficient indicates an overall competition
effect due to the shift from low to high planting density.
Using the relationship log10 ðseed massÞ ¼
log10 ðaÞ þ b log10 ðshoot massÞ, the following
considerations enable distinction of different alloca-
tion patterns. (1) Provided that b is 1, seed mass and
shoot mass will increase proportionally, and RA will
remain constant with increasing shoot mass. (2) If
b = 1, then seeds will be allocated in a non-linear
way and RA will increase (b[ 1) or decrease
(b\ 1) with higher shoot mass. (3) An influence
of abiotic or biotic factors (nutrients, water and
competition) could either change the allocation
pattern (change of b) or the a-coefficient. In the
latter case, RA will change by a fixed amount,
independent of vegetative biomass; thus, such effects
are termed size-independent (Weiner 1988). All
analyses were performed using the statistical software
R (R Development Core Team 2007).
Results
Shoot mass and seed mass
After 2 years, mean shoot dry mass per individual of
C. flava was 0.710 g and the mean seed mass was
Table 1 Regression coefficients for the effects of initial spe-
cies biomass, water and nutrient levels on shoot mass, seed
mass and reproductive allocation of C. flava in experimental
plant mixtures with five species after 2 years
Effect Log10
(shoot
mass)
Log10
(seed
mass)
Arcsin-sqrt
(reproductive
allocation)
Intercept -0.155*** -1.304*** 0.260***
Water 0.012 0.031 0.006
Nutrient 0.211*** 0.386*** 0.053***
C. elata -0.837*** -0.351*** 0.030
C. flava -0.235*** -0.234*** -0.004
L. europaeus -0.139 -0.056 -0.004
L. vulgaris -0.151 -0.060 0.020
M. aquatica -0.086 -0.561*** -0.128***
C. elata2 0.379*** - -
M. aquatica2 - 0.257** 0.068**
Water 9 L.
europaeus
-0.624** -0.883** -
Water and nutrient effects express the shift from the low to the
high level
** P B 0.01; *** P B 0.001; - term has been omitted in the
particular model
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0.052 g under low nutrient and low water conditions
(Table 1; Fig. 1a, b). High nutrient application
increased shoot mass by 62% and seed mass by
143%, whereas high water level did not affect either
parameter (Table 1).
Competition effects depended strongly on the
species. Greater initial biomass of C. elata (interspe-
cific competition) and C. flava (intraspecific
competition) caused a decrease in shoot and seed
mass, with C. elata having a stronger influence than
C. flava (Table 1). Competition from M. aquatica did
affect seed mass of C. flava but not its shoot mass. L.
europaeus only had a negative influence on shoot and
seed mass with the high water level (water 9 L.
europaeus interactions). The positive quadratic
effects of C. elata and M. aquatica indicate that
competition levelled off with a high initial biomass of
these species.
Reproductive allocation
Reproductive allocation of C. flava was 6.8% under
low nutrient conditions. Under high nutrient applica-
tion, RA increased up to 9.7%, whereas water level
had no influence (Table 1; Fig. 1c). Competition
from four out of the five species did not change RA of
C. flava; only M. aquatica had a significant negative
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Fig. 1 Shoot and seed production and reproductive allocation
of C. flava in experimental plant mixtures under four
combinations of water and nutrient treatments. Means and
standard errors are backtransformed predicted values from
regression analysis (Table 1). LN: low nutrients, HN: high
nutrients. Different letters indicate a difference at P B 0.05
(Tukey’s multiple comparison test)
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Fig. 2 Reproductive allocation of C. flava in experimental
plant mixtures with five species after 2 years; the influence of
the three most relevant species is displayed. The response
surface refers to backtransformed values based on the
regression of Table 1 and is for low water–low nutrients
conditions. The corners of the surface refer to mixtures with
one dominant species (see electronic appendix for further
details)
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influence, which levelled off with an increasing
abundance of this species (Table 1; Fig. 2).
Reproductive allocation of C. flava was further
influenced by its own size, as demonstrated by the
relationship between seed and shoot mass (Equ 2).
Seed mass of C. flava was positively affected by its
shoot mass (Table 2; Fig. 3). The shoot mass coef-
ficient, however, was significantly smaller than 1 at
low density conditions (t170 = 6.159, P \ 0.001),
indicating that RA decreased with plant size when
competition from other species was low. Though
higher overall density (high competition) did not
further affect seed mass when the shoot mass of C.
flava was taken into account, high competition did
change the allocation pattern (Fig. 3; Table 2, den-
sity 9 shoot mass interaction). This interaction
resulted in a shoot mass coefficient not significantly
different from 1 with high density conditions (sum of
coefficients: 0.509 ? 0.594 = 1.103, t170 = 0.716,
P = 0.475 for difference from 1), indicating that
RA became size-independent under increased overall
competition. The positive effect of high nutrient
application on seed mass represents a size-indepen-
dent increase of RA (Fig. 3).
Discussion
Effects on shoot and seed mass
C. flava tussocks are perennial, but the species spreads
both clonally and with seeds, and seed production of
C. flava is usually high because of self-compatibility
(Schmid 1984). These features could allow C. flava to
alter its relative investment in shoots and seeds to
optimise its survival under changing conditions. The
natural habitats of C. flava provide high light
availability even for smaller plants. Nutrient enrich-
ment in these habitats will considerably impair the
smaller plants through increased competition from
species with rapid nutrient uptake and biomass
production (Pauli et al. 2002; van der Hoek et al.
2004). Therefore, C. flava, as a relatively small
species (mean size of 30 cm, Lauber and Wagner
2007), should decrease in its relative abundance with
high nutrient levels. This is confirmed by the present
experiment: though the vegetative growth of C. flava
benefited from high nutrient levels (Table 1), its
biomass proportion relative to the remaining species
was significantly reduced (Suter et al. 2007).
C. flava was only partially resistant to adverse
conditions and suffered considerably from competi-
tion. Under high competitive pressure from C. elata,
shoot and seed mass of C. flava were adversely
affected (Table 1). This strong impairment is
explained by the large biomass production of C.
elata, which was more than two times greater than
Table 2 Regression coefficients for the effects of shoot mass,
water and nutrient levels as well as overall density (competi-
tion) on seed mass of C. flava in experimental plant mixtures
after 2 years
Effect Log10 (seed mass)
Intercept -1.135***
Log10 (shoot mass) 0.509***
Water 0.040
Nutrient 0.246***
Density (competition) -0.050
Density 9 Log10 (shoot mass) 0.594***
Water and nutrient effects express the shift from the low to the
high level
*** P B 0.001
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Fig. 3 Seed mass of C. flava as a function of its shoot mass,
nutrients and density in experimental plant mixtures (log–log
graph). Density has been used as a surrogate variable for
overall competition. Both lines at low density conditions were
significantly shallower than 1 (P \ 0.001), whereas the lines at
high density were not different from 1 (P = 0.475) (prediction
based on regression of Table 2). Water had no significant
effects
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each of the other four species (Suter et al. 2007). C.
elata took-up most of the available resources and
considerably affected not only C. flava but all the
species in the plant mixtures. Though the level of RA
in C. flava was not directly influenced by C. elata,
this strong competitor reduced the shoot mass of C.
flava more than its seed mass and changed the
allocation pattern (Table 2).
Different water levels did not influence the shoot
and seed mass of C. flava, indicating that C. flava was
not stressed under dryer conditions. However, with
the higher water level, i.e. more favourable water
conditions, shoot and seed mass were reduced by
competition with L. europaeus. The performance of
L. europaeus was greatly enhanced by higher water
conditions, and primarily affected C. flava in this
experiment (Suter et al. 2007). The impairment of C.
flava from competition under an increased water level
thus indicates a trade-off between its ability to
tolerate stress and its competitive response, a mech-
anism that is assumed to be of central importance for
community dynamics (Campbell and Grime 1992;
Suding et al. 2003; Liancourt et al. 2005). This could
explain why C. flava also occurs under slightly dryer
or disturbed conditions at the edges of fen meadows
of low productivity (F. Klo¨tzli, personal communi-
cation), but is absent in wetlands, where biomass
production is high and light becomes a limiting factor
for small species (e.g. Magnocaricion elatae, Ellen-
berg 1996).
While the adverse effect of C. elata was pervasive
over all established resource levels, the competitive-
ness of L. europaeus was only pronounced under the
higher water level conditions, and no significant
effects could be found for L. vulgaris (Table 1). This
shows that the interrelations between plants can be
very species-specific and can also be modified by
abiotic conditions (Ramseier et al. 2005; Emery and
Gross 2007). Though the experimental time period
may have been too short to detect further interactions
between species and resources, the designed plant
mixtures allowed quantification of some of these
influences.
Effects on reproductive allocation
C. flava, as grown in the experimental plant mixtures,
exhibited subtle reactions in RA to the manipulated
parameters. The relative allocation of resources to
shoots and seeds was influenced by nutrients and
competition, but less so by water (Figs. 1 and 2).
Under low planting density (low competition treat-
ment), RA decreased with increasing plant size.
Reekie (1998) explained a size-dependent decrease of
RA with additional costs in support tissues. In larger
individuals, such costs could be higher and, as a
consequence, RA would diminish. In the present
experiment, the low planting density with an inter-
seedling distance of 10 cm allowed C. flava to
produce larger individuals, and for these individuals,
the relative investment in seeds was reduced.
Though vegetative growth of C. flava was
impaired under the high planting density, competition
had little or no direct effects on RA in C. flava
(Table 1). However, the allocation pattern changed
and RA became size-independent (Table 2; Fig. 3).
C. flava reacts very sensitively to limited light
(Edelkraut and Guesewell 2006), and growth of C.
flava was restricted by the availability of light in the
high density treatment. The two strongest competitors,
C. elata and L. europaeus, prevented the growth of
larger C. flava plants. Thus, the absence of large
individuals with proportionally smaller seed mass
could explain the relatively constant RA observed
under high competition (Fig. 3). The change of the
allocation pattern indicates that, under increased
competition and shading, C. flava can ensure its
survival by maintaining its RA and producing seeds
even from the smallest individuals (Fig. 3). In fact, C.
flava is able to produce seeds with less than 20 cm in
size (Schmid 1984).
Regarding the change of RA, a similar behaviour
has been observed in the annual species Abutilon
theophrasti (Sugiyama and Bazzaz 1998). Free from
competition, A. theophrasti has demonstrated
decreasing RA with increasing plant size, but under
competition and intermediate nutrient conditions, it
maintained constant RA for different plant sizes.
However, the competition effect on RA was an
indirect effect mediated by plant size, rather than a
direct effect. In C. flava, competition mainly affected
shoot mass production, which, in turn, modified the
pattern of RA. The present study thus confirms that
competition predominantly affects the size of a plant,
and that changed plant size affects other features such
as RA (Weiner 1988).
With high nutrient levels, the absolute and relative
resource allocation to seeds was enhanced (Tables 1
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and 2). However, a shortage of nutrients did not have
the same effect on RA as competition. With low
nutrient application, total produced biomass was
strongly reduced, and light availability was less
limiting. Under these conditions, C. flava also
produced individuals with large shoots in relation to
seed mass, and the proportions of allocated resources
were not affected by plant size.
C. flava was able to modify its allocation pattern
and maintain seed output under increased competi-
tion. If a permanent nutrient enrichment followed by
increased biomass production occurs in the natural
habitats of C. flava, the species could maintain or
increase its vegetative growth and RA for some time.
However, in the long term, C. flava would be edged
out by competition due to light limitation (Edelkraut
and Guesewell 2006; Suter et al. 2007) and the
species would survive only in the soil seed bank
(Schmid 1986).
In summary, specific observation of the model
plant communities allowed quantification of the
effects of various abiotic conditions on the resource
allocation of C. flava. C. flava modified its allocation
pattern and retained its RA even under unfavourable
conditions and in varying plant sizes. It is concluded
that this modification is an advantageous reaction to
higher competition pressure.
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